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Emerging evidence suggests that the p75 neurotrophin receptor (p75 NTR ) mediates cell death; however, it is not known whether p75
NTR negatively regulates other neuronal phenotypes. We found that mice null for p75 NTR displayed highly significant increases in the size of basal forebrain cholinergic neurons, including those that are TrkA-positive. Cholinergic hippocampal target innervation also was increased significantly. Activity of the cholinergic neurotransmitter synthetic enzyme choline acetyltransferase (ChAT) was increased in both the medial septum and hippocampus. Upregulation of these cholinergic features was not associated with increased basal forebrain or hippocampal target NGF levels. In contrast, striatal cholinergic neurons, which do not express p75 NTR , showed no difference in neuronal number, size, or ChAT activity between wild-type and p75
NTR null mutant mice. These findings indicate that p75
NTR negatively regulates cholinergic neuronal phenotype of the basal forebrain cholinergic neurons, including cell size, target innervation, and neurotransmitter synthesis.
Key words: p75 NTR ; NGF; ChAT; TrkA; transgenic mice; basal forebrain; cholinergic neurons; hippocampus Atrophy of basal forebrain cholinergic neurons and a marked decrease in cholinergic innervation of the hippocampus and cortex occur during aging and in neurodegenerative diseases (Tomlinson, 1992; Hendersen, 1996) . Little is known of how these cholinergic neurotrophic features are regulated. Members of the neurotrophin family, in particular nerve growth factor (NGF), exert neurotrophic effects on basal forebrain cholinergic neurons. During development increasing levels of NGF coincide with increases in cholinergic neuronal size and target innervation (Korsching et al., 1985; Large et al., 1986; Auberger et al., 1987) . Inf usion of NGF causes profound increases in cholinergic neuronal size and choline acetyltransferase (ChAT) enzyme activity (Mobley et al., 1986; Higgins et al., 1989; Chen and Gage, 1995; Li et al., 1995) , reverses cholinergic atrophy in aged animals (Fischer et al., 1987) , and prevents neuronal atrophy and cell death after lesions of the septal -hippocampal pathway (Hefti et al., 1993; Koliatsos et al., 1994) .
Several lines of indirect evidence suggest that p75 N TR plays an important role in regulating the trophic status of basal forebrain cholinergic neurons. In the basal forebrain p75 N TR expression is colocalized exclusively with cholinergic neurons (Woolf et al., 1989a; Pioro and Cuello, 1990) , and it is among the earliest cholinergic markers expressed during development (Yan and Johnson, 1988; Koh and Loy, 1989) . Upregulation of p75 N TR expression correlates with developmental increases of NGF levels and cholinergic neuronal maturation (J. Springer, Y. Li, D. Holtzman, and W. Mobley, unpublished observation) and after exogenous NGF infusion (Higgins et al., 1989; Kojima et al., 1992) . A role for p75 N TR in negatively mediating cholinergic neuronal survival is suggested by the observations that p75 N TR null mutant mice display an increase in cholinergic neuron number and a decrease in developmental cell death of basal forebrain neurons (Van der Zee et al., 1996) . Expression of p75 N TR also correlates with increased vulnerability of cholinergic neurons in Alzheimer's disease (Woolf et al., 1989b) and ␤-amyloid toxicity . The finding that the administration of p75 N TR antibody significantly reduced cholinergic neuron sprouting suggests a role of p75 N TR in cholinergic neurite outgrowth (LucidiPhillipi et al., 1996) .
To better define p75 N TR actions in the basal forebrain cholinergic system, we sought to examine its influences on neurotrophic features, including neuronal size, neurotransmitter synthesis, and target innervation. Two counterposed hypotheses can be formulated: under the first hypothesis p75 N TR acts to facilitate NGFinduced Trk-mediated function. This predicts that the absence of p75 N TR would lead to a decrease in neuronal size, cholinergic enzyme activity, and/or target innervation. Under the second hypothesis p75 N TR has a negative neurotrophic effect. This predicts that the absence of p75 N TR would lead to an increase in one or more of these parameters. These hypotheses were examined by assessing the medial septal-hippocampal cholinergic pathway (Butcher, 1995) in mice carrying a null mutation in one or both p75 N TR alleles (Lee et al., 1992) .
MATERIALS AND METHODS

Generation of p75
NTR k nock-out mice colony and genot ype identification. Original breeding pairs of mice homozygous for a null mutation in the p75 N TR gene (p75 N TR Ϫ/Ϫ; Lee et al., 1992) were purchased from the Jackson Laboratory (Bar Harbor, M E). The strain background was a mixture of C57B6/ BAL B/c /129. Adult littermates (3-5 months old) consisting of wild-type controls (p75 N TR ϩ/ϩ) and mice heterozygous (p75 N TR ϩ/Ϫ) or homozygous (p75 N TR Ϫ/Ϫ) for the p75 N TR mutation were used in the present study. They were generated as follows: p75 N TR Ϫ/Ϫ mice were backcrossed with wild-type mice from one of the parental strains (BAL B/c) to generate heterozygous F1 progeny; these then were inbred via brother-sister mating to produce F2 progeny consisting of all three genotypes. Genotypes were determined by PCR of tail genomic DNA, as previously described (Yeo et al., 1997) , using the following primers corresponding to sequences in exon 3 of the mouse p75 N TR gene that is disrupted in the mutant allele and to sequences in the neomycin gene insert: p75 NTR sense/antisense, 5Ј-TGTTACGTTCTCTGACGTG-GTGAG-3Ј/5Ј-TCAGCCCAGGGTGTGCA-C TC -3Ј; neomycin sense/ antisense, 5Ј-CATTCGACCACCAAGCGAAAC -3Ј/5Ј-CAGCAATA-TCACGGGTAGCCAAC -3Ј. A 345 bp product corresponding to the p75 N TR gene was detected in p75 N TR ϩ/ϩ, and a 294 bp product corresponding to the neomycin gene was detected in p75 N TR Ϫ/Ϫ mice; both products were detected in p75 N TR ϩ/Ϫ mice. Histolog ical procedures. Histological procedures for ChAT immunoreactivity were performed according to previously described methods (Butcher, 1983; Gould et al., 1991; Yeo et al., 1997) . Mice were perf used transcardially with cold (4°C) PBS, followed by 4% paraformaldehyde containing 0.2% picric acid in 0.1 M phosphate buffer. Brains were post-fixed in the same perf usion fixative and placed in 30% sucrose/ PBS solution for at least 24 hr for cryoprotection and cut into 30-m-thick coronal sections with a vibratome. T wo different antibodies, including a monoclonal ChAT antibody (Boehringer Mannheim, Indianapolis, I N) and a polyclonal AP144P antibody (Chemicon, Temecula, CA), initially were used for ChAT immunocytochemistry. These antibodies displayed similar qualitative and quantitative results for the staining of cholinergic cell bodies. However, because the AP144P antibody stained cholinergic fibers more intensely, only data obtained using this antibody were included. Sections were preincubated with 5% goat serum, followed by AP144P at 1:3000 dilution overnight at 4°C, and then treated with biotinylated goat anti-rabbit IgG (1:250 dilution) and goat serum (1:80 dilution) in PBS. Staining was developed with avidin -biotin -peroxidase solution (ABC Elite kit, Vector Laboratories, Burlingame, CA) and intensified by diaminobenzidine (Sigma, St. L ouis, MO) in 3.5% nickel ammonium sulfate/ PBS solution. A TrkA-specific polyclonal antibody RTA (generous gift of Dr. L ouis Reichardt, UC SF; C lary et al., 1994), which recognizes TrkA but not TrkB or TrkC, was used for TrkA immunocytochemistry at the concentration of 1 g /ml (affinity-purified IgG), following a similar protocol.
Data anal ysis. Histological differences were evaluated by using unbiased stereology (optical disector) and a microcomputer imaging device (MCI D) image analysis program (Image Research, Ontario, C anada) by at least two individual observers without the knowledge of the genotypes. The number and cross-sectional areas of ChAT-immunoreactive neurons in the medial septum, horizontal limb of the diagonal band, and striatum and of TrkA-immunoreactive neurons in the medial septum were analyzed. Serial sections of the entire medial septum (30-m-thick coronal sections) were collected on the basis of two anteroposterior anatomical landmarks: the meeting of the body of the corpus collosum at the midline marked the anterior boundary, and the midline crossing of the anterior commissure and the appearance of the fornix marked the posterior boundary. Every fourth section in this series was chosen, and a total of eight sections was used for data analysis. The reference space of the medial septum encompassed the triangular area that contains 95% or more of the basal forebrain cholinergic neurons dorsal to a line drawn across the tops of the anterior commissures. The same sections used for medial septum analysis were used for analysis of cholinergic neuron number and size in the striatum. For the horizontal limb of the diagonal band, only the medial part was analyzed, because the anterior portion of this nucleus merges with the vertical limb of the diagonal band and the posterior portion merges with the substantia innominata without clear boundaries that can be defined easily in an unbiased manner. Four sequential sections between the first appearance of fornix (anterior boundary) and the connection of lateral ventricles (posterior boundary) were assessed. Because each section contained a pair of diagonal bands, a total of eight diagonal band areas was analyzed from each animal.
The volume of each cholinergic nucleus was determined under a 4ϫ objective by point counting after the superimposition of a 100 m 2 grid. C ell number and cross-sectional areas were assessed under a 100ϫ oil objective, and all cells with a clear nucleolus were measured. In some cases in which staining was too dark to reveal the nucleolus, only cells with clear neuronal morphology were measured. Because only every fourth section was analyzed (every 120 m), it was unlikely that a neuron would be measured twice. The total number of neurons in each nucleus of each animal was estimated by the average number of neuronal profiles counted per optical disector volume multiplied by the volume of reference space of each nucleus. At least 80 disectors were used for estimating cell numbers in each nucleus, respectively, and a total of 100 neurons was assessed in each nucleus in each animal for measurement of crosssectional areas.
Cholinergic innervation of the hippocampal target was assessed visually by two individuals evaluating at least 10 sections per mouse. Then the number of cholinergic fibers in each hippocampal layer was measured by unbiased stereology and an MCI D image analysis program. Slides were coded, and a total of five sections (every eighth section spanning the entire anterior hippocampus) was analyzed for each animal. A linear disector (0.75 m wide and 330 m long) was placed randomly on the screen, the density of ChAT immunoreactivity was scanned, and the number of ChAT-immunoreactive fibers in each layer was determined by counting the number of peaks crossing the disector.
ChAT enz yme assay. Animals were decapitated, and brains were removed and divided sagittally along the midline. The septum, hippocampus, and striatum were dissected on a chilled glass plate, as described previously (Johnston et al., 1987) . Tissues were frozen immediately on dry ice and stored at Ϫ70°C. ChAT activity was determined by previously described procedures (Bull and Oderfeld-Nowak, 1971 ). Tissues were sonicated in 0.05 M Tris-Triton buffer, pH 7.4 (diluted 1:20, wet w/ v), and centrif uged. The supernatant was transferred to another tube, and soluble protein levels were determined by bicinchoninic acid (BCA) assay (Pierce, Rockford, IL). Triplicate samples from each region of each animal were diluted 1:5 with Tris-phosphate buffer to a final volume of 50 l. Reaction cocktail (50 l; containing NaC l, eserine, choline chloride, albumin, and C14-labeled acetyl CoA in Na phosphate buffer) was added to the tissue sample, mixed, and incubated at 37°C for 30 min. Background for each sample was determined by boiling tissue sample for 5 min before adding into the reaction cocktail. Reactions were stopped with 500 l of ice-cold H 2 O and loaded onto a column with 1 inch Dowex 1X-A beads (Bio-Rad, Hercules, CA). Columns were washed twice with Table 1 . Gross morphology of wild-type and p75 NTR mutant mice
Body weight (gm) 27.1 Ϯ 1.2 (n ϭ 6) 25.6 Ϯ 2.1 (n ϭ 6) 26.4 Ϯ 1.1 (n ϭ 5) Brain weight (mg) 458.3 Ϯ 4.3 (n ϭ 6) 461.5 Ϯ 6.9 (n ϭ 6) 448.0 Ϯ 1.6 (n ϭ 5) Number of sections with medial septum 36.0 Ϯ 0.9 (n ϭ 9) 38.8 Ϯ 0.7 (n ϭ 5) 35.7 Ϯ 0.7 (n ϭ 9) Rostrocaudal length of MS (m) 1080 Ϯ 28 (n ϭ 9) 1164 Ϯ 22 (n ϭ 5) 1070 Ϯ 22 (n ϭ 9) Volume of MS ( 600 l of H 2 O, and all of the column effluents were collected and counted on the Beckman scintillation counter. The amount of acetylcholine synthesized was calculated and expressed as nanomoles per milligram of protein per hour. NGF ELISA. Immunoassay for NGF levels was performed according to a previously published two-site NGF ELISA method (Mobley et al., 1989) . Hippocampus, cingulate cortex, retrosplenial cortex, and the medial septal area, which contains both the medial septal nucleus and diagonal band (MS/ DB), were dissected and immediately frozen on dry ice and stored at Ϫ70°C. Tissue extracts were prepared by 30 sec of ultrasonication in 1:9 w/ v of cold sample buffer (10 mM sodium phosphate buffer containing 400 mM NaC l, 0.5% bovine serum albumin, and the proteinase inhibitors phenylmethylsulfonyl fluoride, benzethonium, and aprotinin). MS/ DB were prepared in 1:4 w/ v of cold sample buffer. In brief, 96-well plates (Nunc Maxisorp plates) were coated with goat anti-mouse NGF antiserum (GAM) or normal goat serum overnight, followed by the blocking of nonspecific binding for 2 hr. Supernatant of tissue extracts or individual NGF standards (ranging from 0 to 800 pg /100 l) was added. NGF standards (200 pg) were added to wild-type mouse cortex extracts to calculate total recovery. Plates were incubated overnight at 4°C. Then monoclonal anti-mouse NGF antibody (1G3, Mobley et al., 1989) was added, followed by incubation with biotinylated goat anti-rat IgG. Immune sandwiches were detected by incubation with solutions containing 40 mg of Ophenylenediamine and 0.1% H 2 O 2 in 100 ml of citrate phosphate buffer and stopped by the addition of 50 l of 2.5 M H 2 SO 4 . Optical density was measured at 492 nm and corrected for nonspecific binding by subtracting the reading of the samples added in wells coated with normal goat serum from the readings of the same samples added in wells coated with the goat anti-NGF antiserum. Absorbance for each sample was normalized to a standard curve and expressed as picograms of NGF per milligram of wet tissue weight.
RESULTS
The overall topography of the forebrain and its cholinergic neuronal perikarya is unchanged in p75 NTR -deficient mice
A previous report demonstrated that p75 N TR null mutant mice derived from a mixed strain background (C57B6/ BAL B/c /129, Jackson Laboratory) displayed an increased number of ChATimmunoreactive neurons in the medial septum as compared with each of three homogeneous strains (BAL B/c, 129, and C57B6) of wild-type mice ( Van der Z ee et al., 1996) . Given the possible effects of strain-specific factors and maternal abnormalities on offspring phenotype, we generated strain-matched littermate controls. E xamination of adult (3-5 month old) p75 N TR ϩ/ϩ, ϩ/Ϫ, and Ϫ/Ϫ littermates from five individual litters revealed no significant difference in body weight, brain weight (Table 1) , or gross brain appearance. The number of 30 m coronal sections encompassing the medial septum was unchanged across the three genotypes, indicating that the rostrocaudal dimension of the medial septum was not altered by the absence of the p75 N TR (Table 1) . The volume of the medial septum, which was measured by unbiased stereology, also was unaffected by the p75 N TR genotypes (Table 1) . The gross morphological appearance of basal forebrain cholinergic nuclei was assessed by ChAT immunocytochemistry. E xami- Student's t test was used for statistical analysis: ϩ/ϩ versus ϩ/Ϫ, p ϭ 0.902; ϩ/ϩ versus Ϫ/Ϫ, p Ͻ 0.05; ϩ/Ϫ versus Ϫ/Ϫ, p Ͻ 0.05. B, Cross-sectional areas of cholinergic neurons in medial septum and diagonal band. For each of the two regions 100 neurons were measured per region per mouse, and four mice were analyzed per genotype. For medial septum, data are mean Ϯ SEM: ϩ/ϩ ϭ 123.9 m 2 Ϯ 1.8; ϩ/Ϫ ϭ 136.9 Ϯ 1.9; Ϫ/Ϫ ϭ 144.5 Ϯ 2.4. Student's t test was used for statistical analysis, and n ϭ 400 neurons for each genotype: ϩ/ϩ versus ϩ/Ϫ, p Ͻ 0.0001; ϩ/ϩ versus Ϫ/Ϫ, p Ͻ 0.0001; ϩ/Ϫ versus Ϫ/Ϫ, p Ͻ 0.05. For diagonal band, data are mean Ϯ SEM: ϩ/ϩ ϭ 143.7 Ϯ 2.4; ϩ/Ϫ ϭ 158.8 Ϯ 2.7; Ϫ/Ϫ ϭ 170.9 Ϯ 2.87. Student's t test was used for statistical analysis, and n ϭ 400 neurons for each genotype: ϩ/ϩ versus ϩ/Ϫ, p Ͻ 0.0001; ϩ/ϩ versus Ϫ/Ϫ, p Ͻ 0.0001; ϩ/Ϫ versus Ϫ/Ϫ, p ϭ 0.005. nation of all three genotypes detected ChAT-immunoreactive neurons in appropriate basal forebrain locations in the medial septum, vertical and horizontal limbs of the diagonal band (Fig. 1) , magnocellular preoptic area, nucleus basalis of Meyert, and substantia innominata (data not shown). In all three genotypes, cholinergic innervation, as revealed by two well characterized cholinergic markers, ChAT immunoreactivity and acetylcholinesterase (AChE) staining, were present in the expected cortical and hippocampal target areas. These observations demonstrate that the lack of p75 N TR does not preclude neurogenesis or migration of basal forebrain cholinergic neurons or have obvious effects on these parameters for other neurons.
The number of ChAT-immunoreactive neurons in the basal forebrain was increased in p75 NTR ؊/؊ mice, but not in p75 NTR ؉/؊ mice As shown in Figure 1 , there was an apparent increase in the number of ChAT-immunoreactive neurons in the medial septum in mice null for p75 N TR (p75 N TR Ϫ/Ϫ), but not in heterozygous mice (p75 N TR ϩ/Ϫ). A similar increase in the number of ChAT-immunoreactive neurons also was found in the vertical and horizontal limbs of the diagonal band (Fig. 1) , indicating that the effect of p75 N TR on neuronal number was not confined to the medial septum. Quantitative analysis that used unbiased stereological methods to analyze the entire nucleus revealed a significant increase of ϳ50% in the number of ChAT-immunoreactive neurons in both the medial septum and the diagonal band in p75 N TR Ϫ/Ϫ mice (Fig. 2 A) . Because there was no significant difference in the rostrocaudal dimensions of medial septum or the volume of medial septum among the three genotypes (Table 1) , the increase in cells counted in p75 N TR Ϫ/Ϫ mice reflected an absolute increase in total ChAT-immunoreactive neuronal number and not an increase in cell density. There was no significant difference in the number of ChAT-immunoreactive neurons between p75 N TR ϩ/ϩ and p75 N TR ϩ/Ϫ mice, indicating that disruption of both alleles was required to cause an increase in neuronal number.
p75 NTR -deficient mice display gene dosage-dependent hypertrophy of cholinergic neurons
In contrast to neuron number, measurement of neuron size demonstrated a clear gene dosage effect of p75 N TR in the phenotype of the basal forebrain cholinergic neurons (Fig. 2 B) . The mean cross-sectional area of cholinergic neurons in medial septum was 10% larger in p75 N TR ϩ/Ϫ and 17% larger in p75 N TR Ϫ/Ϫ mice, as compared with p75 N TR ϩ/ϩ mice. ANOVA across the three genotypes demonstrated a highly significant ( p Ͻ 0.0001) gene dosage effect on neuronal size (nonparametric Kruskal-Wallis ANOVA test, n ϭ 400 neurons for each genotype). A gene dosage effect on neuronal size also was found in the diagonal band. The mean cross-sectional area of cholinergic neurons was 11% larger in p75 N TR ϩ/Ϫ and 19% larger in p75 N TR Ϫ/Ϫ mice, as compared with p75 N TR ϩ/ϩ mice. ANOVA across the three genotypes demonstrated a highly significant ( p Ͻ 0.0001) gene dosage effect on neuronal size (nonparametric Kruskal -Wallis ANOVA test, n ϭ 400 neurons for each genotype). Comparison of the cholinergic neuron size distribution between p75 N TR ϩ/ϩ and p75 N TR Ϫ/Ϫ mice (Fig. 3) revealed that there was an increase in size among all ChAT-immunoreactive neurons in both the medial septum and diagonal band. The distribution appeared unimodal in both p75 N TR ϩ/ϩ and p75 N TR Ϫ/Ϫ mice.
Absence of p75 NTR causes hypertrophy of TrkA-immunoreactive neurons
In the previous study demonstrating an increased number of cholinergic neurons in p75 N TR null mutant mice (Van der Zee et al., 1996) , no increase in the number of TrkA-immunoreactive neurons was observed. In contrast to the lack of effect on TrkAimmunoreactive cell number, the present study demonstrated a clear increase in the cross-sectional area of TrkA-immunoreactive neurons in p75 N TR Ϫ/Ϫ mice (Fig. 4) . Quantitative analysis by unbiased stereology revealed a significant 16% increase ( p Ͻ 0.01; Mann -Whitney test, n ϭ 5 mice for each genotype; 100 neurons measured for each mouse) in the cross-sectional area of TrkA-immunoreactive neurons in p75 Ϫ/Ϫ mice (p75 N TR ϩ/ϩ, 87.8 Ϯ 1.7 vs p75 N TR Ϫ/Ϫ, 102.0 Ϯ 2.0 m 2 ). The increase in size of the TrkA-immunoreactive neuronal population was similar to that observed in the overall population of ChAT-immunoreactive neurons.
Absence of p75 NTR causes increased cholinergic innervation of the hippocampus
Cholinergic neurons in the medial septum, as well as certain of those in the diagonal band, project primarily to the hippocampus, where they terminate in layers adjacent to the pyramidal and granular cell layers (Butcher, 1995) . The laminar patterns of hippocampal p75 N TR innervation parallel those of ChAT (Pioro and Cuello, 1990) . Cholinergic innervation of the hippocampus was visualized by ChAT immunostaining (Fig. 5) . In p75 N TR ϩ/ϩ mice, ChAT-immunoreactive fibers were especially prominent in the suprapyramidal layer, and moderate ChAT immunostaining was also present in the oriens layer and stratum radiatum (Fig. 5A ). In the dentate gyrus moderate ChAT immunostaining also was observed in the hilus and supragranular and molecular layers (Fig. 5C ). Nissl staining detected no difference in hippocampal laminar structure between p75 N TR ϩ/ϩ and Ϫ/Ϫ mice (data not shown). In p75 N TR ϩ/Ϫ mice no qualitative changes in hippocampal innervation were noted. In p75 N TR Ϫ/Ϫ mice there was an overall increase in the number of ChAT-immunoreactive fibers in the hippocampus, although the increase did not occur in all layers. In the CA region the density of ChAT immunostaining was increased markedly in the oriens layer and stratum radiatum (Fig. 5B) . In contrast, in the suprapyramidal layer, which is heavily innervated in p75 N TR ϩ/ϩ mice, a profound decrease in ChAT staining was observed in p75 N TR Ϫ/Ϫ mice. In the dentate gyrus a dramatic increase in ChAT immunostaining was observed in the supragranular layer, especially along the boundary between the granular cell and supragranular layers and along the boundary between the supragranular and molecular layers (Fig. 5D) . A modest increase in ChAT staining also was observed in the molecular layer (Fig. 5D ). Similar changes in the distribution of cholinergic innervation also were observed using AChE histochemistry (data not shown), indicating that these changes reflected altered target innervation rather than region-specific alterations in ChAT levels. These changes were present throughout the entire hippocampal formation.
Quantitative analysis (Fig. 6 ) of ChAT-immunoreactive fibers in the CA1 region of the hippocampus revealed a significant 18% increase ( p Ͻ 0.01, Student's t test) in the overall number of ChAT-positive fibers in p75 N TR Ϫ/Ϫ mice. The number of ChAT-immunoreactive fibers also was increased 9% in p75 N TR ϩ/Ϫ mice, although this difference did not reach statistical significance. Nevertheless, statistical analysis revealed that this increase in the number of ChAT-immunoreactive fibers exhibited a significant gene dosage effect ( p Ͻ 0.01, Kruskal -Wallis nonparametric ANOVA test). The effect of genotype on fiber number in each of the three layers constituting the CA region (oriens, stratum radiata, and suprapyramidal) also was assessed individually. The absence of p75 N TR resulted in a significant 44% increase in the number of fibers in the oriens layer ( p Ͻ 0.005), a 25% increase in the stratum radiata ( p Ͻ 0.05), and a significant 43% decrease in the suprapyramidal layer ( p Ͻ 0.005). In p75 N TR ϩ/Ϫ mice the number of ChAT-immunoreactive fibers was increased by 15% in the oriens layer and 10% in stratum radiata, although these differences did not reach statistical significance.
Absence of p75 NTR causes increased ChAT activity in medial septum and hippocampus
ChAT is the synthetic enzyme for acetylcholine, and its activity is a well characterized marker for the neurotrophic status of cholinergic neurons (Mobley et al., 1985 (Mobley et al., , 1986 . As shown in Figure  7 , the complete absence of p75 N TR caused a 30% increase in ChAT activity in the medial septum ( p Ͻ 0.005; Student's t test, n ϭ 5 mice for each genotype) and a 52% increase in the hippocampus ( p Ͻ 0.0001, n ϭ 4 mice for p75 ϩ/ϩ, n ϭ 5 mice for p75 Ϫ/Ϫ mice). In p75 N TR ϩ/Ϫ mice a 12% increase in ChAT activity was observed in the medial septum, and a 14% increase was observed in the hippocampus; these increases did not reach statistical significance.
Absence of p75
NTR has no effect on adult striatal cholinergic neurons
In contrast to the basal forebrain, there is little (if any) expression of p75 N TR in adult striatal cholinergic neurons (Koh and Loy, 1989; Mobley et al., 1989; Pioro and Cuello, 1990; Butcher, 1995) . N TR Ϫ/Ϫ mice. Cholinergic innervation is increased in the oriens layer (or) and stratum radiatum (ra), which are moderately innervated in the p75 N TR ϩ/ϩ mice, and decreased in the suprapyramidal layer (sp), which is heavily innervated in p75 N TR ϩ/ϩ mice. C, D, Profound increase in ChAT-immunoreactive cholinergic fibers in the dentate gyrus is observed in the p75 N TR Ϫ/Ϫ mice. Cholinergic innervation is increased in both the supragranular (sg) and molecular layers (ml ). p, Pyramidal layer; g, granule cell layer; h, hilus of the dentate gyrus. Scale bar, 100 M.
To determine whether the observed changes in p75 N TR null mutant mice were specific for neurons expressing p75 N TR , we measured striatal cholinergic neuron number, size, and ChAT activity in the adult. Initial histological analysis revealed no difference in cholinergic neuron number or size between p75 ϩ/ϩ and p75 Ϫ/Ϫ mice. Quantitative analysis with unbiased stereological methods showed no difference in cholinergic neuron number (p75 ϩ/ϩ, 3975 Ϯ 88 vs p75 Ϫ/Ϫ, 4019 Ϯ 282; n ϭ 3 mice for each genotype, mean Ϯ SEM) or size (p75 ϩ/ϩ, 147.9 Ϯ 6.8 vs p75 Ϫ/Ϫ, 146.0 Ϯ 7.1; n ϭ 3 mice for each genotype; 100 neurons measured per mouse) between the two genotypes. No difference in number or size of cholinergic neurons in p75 ϩ/Ϫ mice was observed (data not shown). Similarly, there was no significant difference in ChAT activity in the striatum across all three genotypes (Fig. 7) .
NGF levels are not altered in p75
NTR ؊/؊ mice Because both endogenous and exogenous NGF have been shown to upregulate basal forebrain cholinergic neuron size and ChAT activity (Gnahn et al., 1983; Mobley et al., 1986; Li et al., 1995) and to promote cholinergic neurite outgrowth (Hagg and Varon, 1993) , NGF levels in basal forebrain and target regions were measured (Fig. 8) . The absence of p75 N TR did not cause a significant change in NGF level in either the medial septum or its target areas, including hippocampus, retrosplenial cortex, and cingulate cortex. This lack of change in NGF levels indicated that the cholinergic hypertrophy, increased medial septum and hippocampal ChAT activity, and increased target innervation were not a result of increased NGF.
DISCUSSION
The finding that the absence of p75 N TR causes an increase in neuronal size and ChAT activity supports the hypothesis that p75 N TR negatively regulates the trophic status of basal forebrain cholinergic neurons. In contrast, previous studies in p75
N TR null mutant mice demonstrated a facilitatory role for p75 N TR in both the sensory and sympathetic neuronal systems (Lee et al., 1992 (Lee et al., , 1994a Davies et al., 1993) . Although the absence of p75 N TR resulted in decreased target innervation in the sympathetic system (Lee et al., 1994b) , we observed an overall increase in hippocampal cholinergic innervation. Taken together, these data indicate that p75 N TR can either positively or negatively influence neurotrophic features and that the context in which p75 N TR is expressed has an important influence on its actions Chao and Hempstead, 1995; Greene and Kaplan, 1995; Carter and Lewin, 1997; Davies, 1997) .
NGF seems to be the most potent among all neurotrophins in its effects on the number and size of basal forebrain cholinergic neurons (Koliatsos, 1994) . Numerous studies have demonstrated that an increase in NGF levels leads to an upregulation of neurotrophic features in basal forebrain cholinergic neurons in vivo (Mobley et al., 1986; Fischer et al., 1987; Hartikka and Hefti, 1988) . A critical paradox observed in this study was that the absence of p75 N TR resulted in an apparent increase in neurotrophic status of basal forebrain cholinergic neurons, and these features were not associated with increased NGF levels. It is noteworthy that the magnitude of neuronal hypertrophy observed in p75 N TR null mutant mice was similar to that observed after Figure 6 . Quantitative analysis of cholinergic fibers in the hippocampus. The number of ChAT-immunoreactive fibers in hippocampal CA1 and in each of the three layers constituting the CA region was analyzed. There is an overall increase in ChAT-immunoreactive fibers in the CA1 region in p75 NTR Ϫ/Ϫ mice, with a differential variation in each layer. For each animal, five sections were counted for each region; the number of animals analyzed for each genotype is as follows: ϩ/ϩ, 4; ϩ/Ϫ, 3; Ϫ/Ϫ, 4. The data are the number of ChATimmunoreactive fibers per optical disector, presented as mean Ϯ SEM. For CA1 region: ϩ/ϩ ϭ 44.5 Ϯ 1.7; ϩ/Ϫ ϭ 48.7 Ϯ 1.6; Ϫ/Ϫ ϭ 52.6 Ϯ 1.2. For the oriens layer: ϩ/ϩ ϭ 10.9 Ϯ 0.8; ϩ/Ϫ ϭ 12.5 Ϯ 0.6; Ϫ/Ϫ ϭ 15.7 Ϯ 0.4. For suprapyramidal layer: ϩ/ϩ ϭ 7.7 Ϯ 0.6; ϩ/Ϫ ϭ 7.7 Ϯ 0.5; Ϫ/Ϫ ϭ 4.4 Ϯ 0.2. For stratum radiata: ϩ/ϩ ϭ 25.9 Ϯ 1.6; ϩ/Ϫ ϭ 28.5 Ϯ 0.7; Ϫ/Ϫ ϭ 32.5 Ϯ 0.9.
NGF infusion (Higgins et al., 1989; Chen and Gage, 1995; Martinez-Serrano et al., 1995) . These findings raise two possibilities. The absence of p75 N TR in basal forebrain cholinergic neurons may result in an increased responsiveness to NGF and/or other neurotrophins or to the signaling pathways activated by TrkA or other Trk receptors. Alternatively, p75 N TR may function independently to suppress biochemical or morphological features of basal forebrain cholinergic neurons.
The first possibility suggests that signal transduction via Trk receptors might be more effective in the absence of a potential "suppressor" function of p75 N TR Greene and Kaplan, 1995; Taglialatela et al., 1996; Bredesen and Rabizadeh, 1997) . Interestingly, previous quantitative doseresponse studies using sympathetic and dorsal root ganglion sensory neurons derived from p75 N TR null mutant mice demonstrated that NGF had reduced, rather than increased, potency through TrkA in the absence of p75 N TR (Davies et al., 1993; Lee et al., 1994a; Longo et al., 1997) . These observations suggest complex, multifaceted p75 N TR functions that may positively or negatively mediate neurotrophic parameters. It is likely that such functions are influenced by (1) the cell type in which it is expressed, (2) whether or not Trk receptors are coexpressed, (3) the regional and developmental context in which the effects of p75 N TR are being examined, and (4) whether or not NGF and/or other neurotrophins are present. Studies with basal forebrain cholinergic neuronal cultures will be required to show whether the response to NGF and/or other neurotrophins is altered in the absence of p75 N TR . The second possibility, that p75 N TR may act independently to negatively regulate neurotrophic status, is supported by recent findings that p75 N TR can trigger signal transduction directly in the absence of TrkA (Dobrowsky et al., 1994; Carter et al., 1996) . Several studies have shown that p75 N TR functions to mediate cell death in the absence of NGF (Rabizadeh et al., 1993; Barrett and Bartlett, 1994; Barrett and Georgiou, 1996) . Others have demonstrated that NGF binding to p75 N TR in the absence of TrkA mediates cell death (Casaccia-Bonnefil et al., 1996; Frade et al., 1996) . This is consistent with the view of Van der Zee et al. (1996) that the increase in the number of basal forebrain cholinergic neurons in p75 N TR null mutant mice occurred mainly among TrkA-negative neurons. Whether p75 N TR negatively regulates cholinergic neuronal phenotype via TrkA-dependent or TrkA-independent mechanisms remains to be established. Nevertheless, the novel observation of the present study that the size of TrkA-positive neurons was increased in p75 N TR null mutant mice demonstrates that p75 N TR can have a negative regulatory effect in the presence of TrkA.
The observation that the effect of the suppression of cholinergic neurotrophic features by p75 N TR is gene dosage-dependent provides additional insight into potential p75 mechanisms. A novel finding in this study regarding the effect of p75 on the number of ChAT-positive neurons is that this increase occurred only when both p75 N TR alleles were absent. That only one functional p75 N TR allele was required for its full effect on reducing the number of ChAT-positive neurons suggests that p75 N TR dominantly regulates the function of other proteins important for this phenotype. In contrast, the presence of one functional allele was associated with only a partial effect on reducing neuron size. The differential effect of p75 N TR gene dosage on neuronal number and size further supports the view that p75 N TR functions can be mediated via different mechanisms. Alternatively, these different Figure 7 . ChAT activity in medial septum, hippocampus, and striatum. The amount of acetylcholine synthesized is used as an indication of ChAT enzyme activity. In p75 NTR Ϫ/Ϫ mice ChAT activity is increased in both the medial septum and hippocampus, but not in the striatum. Triplicate samples were measured for each region from each animal, and duplicate samples were measured for background ChAT activity for each region from each animal. Because the background for each sample was lower than 1% of total value, the data were not corrected for background. The number of animals used for each region of each genotype is as follows. Medial septum: ϩ/ϩ ϭ 5; ϩ/Ϫ ϭ 4; Ϫ/Ϫ ϭ 5. Hippocampus: ϩ/ϩ ϭ 4; ϩ/Ϫ ϭ 4; Ϫ/Ϫ ϭ 5. Striatum: ϩ/ϩ ϭ 5; ϩ/Ϫ ϭ 4; Ϫ/Ϫ ϭ 6. The data are nanomoles of acetylcholine per milligram of protein per hour, presented as mean Ϯ SEM. For medial septum: ϩ/ϩ ϭ 51.6 Ϯ 1.2; ϩ/Ϫ ϭ 57.0 Ϯ 3.8; Ϫ/Ϫ ϭ 67.1 Ϯ 2.9. For hippocampus: ϩ/ϩ ϭ 45.9 Ϯ 1.4; ϩ/Ϫ ϭ 52.2 Ϯ 3.0; Ϫ/Ϫ ϭ 69.7 Ϯ 1.8. For striatum: ϩ/ϩ ϭ 114.9 Ϯ 7.6; ϩ/Ϫ ϭ 107.8 Ϯ 4.5; Ϫ/Ϫ ϭ 112.8 Ϯ 4.8.
effects of p75
N TR might be a f unction of different thresholds for p75 N TR modulation of neuronal survival and cell size. The increases in ChAT activity in the medial septum of p75 N TR null mutant mice raised the possibility that upregulation of ChAT activity may have facilitated the identification of cholinergic neurons. Consistently, in the null mutant mice ChAT immunoreactivity was increased in the cell bodies of the basal forebrain cholinergic neurons. Previous studies have demonstrated that upregulation of cholinergic markers by NGF infusion and downregulation of ChAT after fimbria-fornix transection can alter the number of cholinergic neurons detected in the medial septum (Hagg et al., 1988 (Hagg et al., , 1989 Higgins et al., 1989) . Thus, in addition to decreased cell death, increased detection of cholinergic neurons also may have contributed, in part, to the observed increase in the number of septal cholinergic neurons in p75 N TR null mutant mice. Similarly, upregulation of ChAT also may have contributed to the observed increase in the number of ChATpositive fibers in the hippocampus. However, it is apparent that the absence of p75 N TR did result in an alteration of target innervation, because ChAT-positive fibers were decreased in the layer that normally is heavily innervated and were increased elsewhere. The change in target innervation pattern could have been caused by a failure to eliminate excess fibers during development or by increased cholinergic sprouting. The septalhippocampal cholinergic network seems to be involved in learning and memory (Woolf et al., 1984; Butcher, 1995; Dutar et al., 1995) . Thus, the finding that p75 N TR negatively regulates cholinergic hippocampal innervation raises the possibility that excessive or unopposed p75 N TR f unction might impair memory and/or other cognitive f unction.
The observed increase in the number of basal forebrain cholinergic neurons in p75 Ϫ/Ϫ mice in the present study is consistent with the previous report by Van der Z ee and colleagues (1996) . Contrary to this previous report, using strain-matched littermate controls, we found no difference in the number of striatal cholinergic neurons between p75 ϩ/ϩ and Ϫ/Ϫ mice. The present study also found no difference in the size of striatal cholinergic neurons nor striatal ChAT activity between p75 ϩ/ϩ and Ϫ/Ϫ mice. This discrepancy could be attributable to the difference in control strains used between the two studies. In the previous report (Van der Zee et al., 1996) three individual homogeneous strains (129/Sv, BALB/c, and C57Bl/6J/black 29) were used as wild-type controls in contrast to the p75 Ϫ/Ϫ mice consisting a mixed strain background (C57B6/BALB/c/129). The present finding that the absence of p75 N TR caused a significant increase in the number, size, and ChAT activity in cholinergic neurons in the basal forebrain and not in the striatum (which express little, if any, p75 N TR in the adult animals) suggests that the negative regulatory effect of p75 N TR in adult animals is specific for cholinergic neurons expressing p75 N TR . The phenotypes revealed in this study also can be viewed in the context of those identified in NGF and TrkA mutant mice. As in p75 N TR mutant mice, the absence of NGF and TrkA had no detectable effect on the gross structure of the basal forebrain cholinergic system (Crowley et al., 1994; Smeyne et al., 1994; Snider, 1994) . On the cellular level, both NGF-and TrkAdeficient mice demonstrated decreased cholinergic phenotypes in the basal forebrain. The distinct phenotypes between NGF/ TrkA-deficient mice and p75 N TR mutant mice suggest that the actions of p75 N TR cannot be viewed as simply facilitating the neurotrophic effects of NGF. These differences in phenotypes further support the view that p75 N TR can act to negatively modulate neuronal functions.
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